Abstract-This paper presents a comparison of the smallsignal stability properties for virtual synchronous machines (VSMs) with dynamic and quasi-stationary representation of the internal synchronous machine (SM) model. It is shown that the dynamic electrical equations may introduce poorly damped oscillations when realistic stator impedance values for high-power SMs are used. The quasi-stationary implementation is less sensitive to the impedance of the virtual machine model, but depends on filtering of the measured d-and q-axes components of the ac-side voltage to avoid instability or poorly damped oscillations. It is demonstrated how both implementations can be made stable and robust for a wide range of grid impedances. However, the dynamic electrical model depends on a high virtual resistance for effectively damping internal oscillations associated with dc components in the ac currents during transients. Thus, when using SM parameters with low virtual stator resistance for decoupling the active and reactive power control, the quasi-stationary VSM implementation is preferable.
I. INTRODUCTION

C
ONTROL strategies based on the concept of virtual synchronous machines (VSMs) have the potential to become a flexible framework for providing converter-based grid services in future power systems. Indeed, VSM-based control strategies for voltage-source converters (VSCs) have especially been developed to serve the following two main purposes [1] - [5] : 1) providing virtual inertia and thereby contributing to the total equivalent inertia of the grid;
2) enabling operation in both grid-connected and islanded system configurations without any change of control structure and parameters. To obtain the functionality required for fulfilling both these purposes, VSMs must rely on a similar power-balance-based synchronization mechanism as synchronous machines (SMs). Thus, VSMs will not depend on conventional phase-locked loops (PLLs) for grid synchronization [5] , [6] .
All VSM implementations include a representation of an SM, executed in real time to generate internal control references. The internal model can represent the SM behavior with different degrees of fidelity, while it must be formulated according to the interfaces with the other control loops of the power converter. In general, there are two dominating architectures, depending on whether the machine model provides a current reference or a voltage reference for controlling the converter operation [6] . Examples of VSM implementations where the internal SM model generates references for a current controller have, for instance, been presented in [1] , [4] , [5] , and [7] - [11] . Alternatively, the internal SM model can provide voltage references, as discussed for different implementations of the voltage control in [12] - [16] , [17] , and [18] - [21] , respectively.
Among the current-based VSM implementations, the electrical part of the internal SM model can be represented with two different approaches. Indeed, the first proposals of VSM-based control included modeling of the dynamic electrical equations of the SM [1] , [3] - [5] , [7] - [14] . However, implementations based on a quasi-stationary representation of the SM stator windings have recently been proposed in [22] and [23] . The quasi-stationary approach introduces a further simplification of the modeling, since all transient electrical dynamics of the emulated SM are neglected. Both these two types of implementations have been individually demonstrated by numerical simulations and/or laboratory experiments. In general, it is also clear that the steady-state behavior will be identical for these two types of implementations while differences will appear in the transient performances. However, from previous publications it is not clear which implementation will have the most preferable dynamic properties.
This paper is presenting a comparison and assessment of dynamic properties and small-signal stability of VSM implementations based on a dynamic electrical model (DEM) or a quasi-stationary electrical model (QSEM). For this purpose, implementations of DEM-based VSMs from [4] , [5] , [7] , and [8] , and QSEM-based VSMs from [22] and [23] are adapted into a common framework for comparison. Linearized small-signal state-space models of both alternatives are also developed, and From the developed models, it is demonstrated how the implementation with dynamic electrical equations requires relatively high values of the stator resistance to avoid poorly damped oscillations. Such a high stator resistance implies that there will be a stronger coupling between the active and reactive power flow through the emulated stator impedance, causing a nonlinear coupling between the corresponding active and reactive power control loops. On the other hand, the QSEM implementation depends on low-pass filtering of the d-and q-axes voltages measured at the ac side to ensure stability when the VSC is interfaced to the grid with an LC or LCL filter. However, the QSEM-based implementation can offer satisfactory performances also with a purely inductive SM stator model. Thus, the QSEM implementation is shown to be preferable for obtaining decoupling between active and reactive power control.
II. SYNCHRONOUS MACHINE ELECTRICAL MODELS FOR CURRENT REFERENCES GENERATION
A general overview of the VSM-based control systems and the power system configuration considered in this paper is shown in Fig. 1 . A model of an SM and its associated control loops is providing current references for the inner loop control a threephase VSC. The blocks composing the internal representation of the SM and its traditional control loops are grouped in the left side of the figure. This internal model contains a representation of a simplified swing equation as the inertia model, and a frequency controller emulating the simplified behavior of a prime mover with its speed governor. Moreover, an electrical model and a voltage controller are representing the stator windings of an SM and the associated automatic voltage regulator (AVR). For presenting a fair comparison, the only difference between the DEM-based and the QSEM-based VSM implementations investigated in this paper is the representation of the SM stator windings within the block "Electrical Model" in Fig. 1 , as will be explained in the following.
A. Modeling Conventions
In this paper, physical values are denoted with upper case symbols, whereas the control system and the mathematical modeling are presented in per unit quantities denoted with lower case symbols. The base values of the per unit system are defined from the apparent power rating of the VSM and the rated peak value of the phase voltage [24] . Moreover, electrical models will be expressed in a synchronously rotating reference frame (SRRF) by an amplitude invariant Park transformation. Whenever possible, SRRF equations are presented in complex space-vector notation according to
(1)
B. Dynamic Electrical SM Model
In case of a DEM-based VSM implementation, the block labeled "Electrical model" shown in Fig. 1 , calculated by the numerical simulation of the model, are provided as references to the VSC current controllers [4] , [5] . The transient and subtransient behaviors of an SM are intentionally not modeled.
Using complex space-vector notation, the DEM model can be expressed in an SSRF by
In this equation, r s and l s are the virtual stator resistance and inductance, respectively, whereas ω b is the base angular frequency, and ω VSM is the per unit speed of the virtual inertia. The d-axis of the SRRF used for the modeling is aligned with the internal voltage vector v e of the VSM (i.e., v e =v e ).
C. Quasi-Stationary Electrical SM Model
The QSEM implementation assumes an algebraic (i.e., phasor-based) representation of the SM stator impedance in the SRRF. This is equivalent to setting the current derivative in (2) to zero, resulting in the quasi-stationary stator current [22] , [23] 
However, it will be shown later that it is necessary to include a low-pass filter in the measurement of v o to prevent oscillatory or even unstable operation of the QSEM-based VSM. Thus, the measured filter capacitor voltage v o in (3) should be replaced by the outputs v m from low-pass filters on the d-and q-axes voltages in the SRRF, as defined by
where v o is the crossover frequency of the low-pass filter. Replacing v o by v m and expanding the expression in (3), the virtual SM stator currents, i QSEM s , that should be used as references for the VSC current control in the case of the QSEM can be expressed as
It can be noted that due to the low-pass filter, both the QSEM and the DEM implementations result in two first-order differential equations for the internal SM representation in the SRRF. It is also clear from the presented equations that the two models become identical in the steady state.
III. MATHEMATICAL MODELING OF INVESTIGATED VSM IMPLEMENTATIONS
In order to compare the performance and dynamic properties of the two investigated groups of VSM implementations, a model of the system shown in Fig. 1 is established on statespace form, including the SM emulation, the corresponding outer control loops, the VSC current controllers, and the electrical circuit. It should be noted that the implementations of DEM-and QSEM-based VSMs presented in the literature are developed and presented in different contexts. Thus, the overall control systems presented in the literature are not directly comparable. For instance, the reference frame used for the VSM implementation, the applied current control loops, and also the implementation of the virtual swing equations differ between the control systems in [4] , [5] , [7] , [8] , and [22] and [23] , respectively. To ensure a fair comparison that can reveal the main implications of using DEM-and QSEM-based approaches for providing current references, the VSM implementations from the literature have been adapted to a common implementation, as fully revealed in the following subsections. The mathematical models of all functional blocks are presented in order to establish first a nonlinear state-space model and then a corresponding small-signal model for eigenvalue analysis.
A. Electrical System Model and Inner Loop Controllers
As shown in Fig. 1 , the investigated configuration consists of a VSM-controlled VSC connected to an external grid through an LC filter, and the VSC is operated with conventional decoupled PI current controllers in the SSRF. Thus, the state-space equations of the electrical system, the current controllers, and the active damping algorithm assumed for suppressing LC filter oscillations are well established and can be directly adapted from [19] , [20] , and [25] . The equations for the currents in the filter inductor, the grid side currents, and the voltage of the filter capacitor can be derived directly from the circuit in Fig. 1 , and are not presented for brevity. However, the voltage output from the current controller can be expressed by
where γ is representing the states of the integral term in the decoupled PI currents controllers implemented in the SSRF. As indicated in Fig. 1 , the current reference i * cv is equal to the current i s resulting from the simulated SM model, and will be given by i DEM s or i QSEM s depending on the studied VSM implementation. In these equations, the switching effects are neglected and the VSC is represented by an ideal average model. Furthermore, it is assumed that the modulation index for the converter is calculated by dividing the voltage reference v * cv from the current controllers by the measured dc voltage v dc according to (7) . Thus, the converter output voltage, v cv , will be decoupled from possible transients in the dc side. This implies that the converter output voltage will be equal to its reference value, and that representation of the dc side will not be necessary for assessing dynamic properties on the ac side.
For suppressing oscillations in the LC filter shown in Fig. 1 , a simple strategy for active damping is included in the current controller output voltage from (6) [26] , [27] . The damping voltage v * ad is given by (8) , where the states ϕ represent low-pass filters implemented in the SSRF 
B. Inertia Model
The inertia model of a VSM can be conveniently represented by a linearized swing equation of an SM [6] , [16] , [28] . A real SM will exhibit a damping torque almost proportional to the difference between the grid frequency and the frequency given by the rotational speed of the machine. A similar torque or power can be easily included in the VSM inertia model if the grid frequency is available in the control (e.g., from a PLL) [16] , [19] . However, for the implementation shown in Fig. 2 , the damping is instead introduced by adding a high-pass filtered negative feedback from the VSM [29] . The high-pass filtering is implemented by using a low-pass filter with crossover frequency of ω d and the high-pass filtered signal (ω VSM − κ) is multiplied with a gain of k d . This damping will be almost equivalent to the damping in a real SM if the grid frequency changes relatively slowly compared to the dynamics of the emulated VSM speed.
The state equations for the inertia model from Fig. 2 , corresponding to the block labeled "Inertia Model" in Fig. 1 , are defined by
where p r * is the virtual power driving the inertia, p o is the measured power delivered to the grid, and T a is the mechanical time constant (equivalent to 2H in traditional SM models) [28] . The state of the low-pass filter used for the implementation of the damping is defined by κ, whereas the angle θ VSM is the angle between the VSM-oriented rotating frame of the model and the stationary frame. Thus, θ VSM is the instantaneous angle used for SRRF transformations.
For state-space modeling and small-signal stability analysis, the system must be represented in an SRRF where all variables will reach constant values in steady-state operation. Therefore, the phase angle of the VSM inertia must be referred to the phase angle of the grid voltage vector in the SSRF. For this purpose, the state δθ VSM is introduced as
where θ g is the phase angle of the grid voltage relative to the stationary frame. Thus, the last equation in (9) can be represented in the SRRF as
C. Measurement Processing and SRRF Orientation
The block labeled "Measurement Processing" in Fig. 1 , contains the SRRF transformations from the three-phase measurements in the ac circuit, as well as the calculation of feedback signals for the outer loops. The active and reactive powers flowing into the grid are calculated according to the following equation:
As indicated in Fig. 1 , the voltage amplitudev o can be calculated from the measured dq-voltage components aŝ
The SRRF applied for the control and modeling of the system is given by the angular position of the internally induced voltage, v e , as defined by the virtual inertia. Thus, modeling of the system depends on representation of the grid voltage vector in the SRRF defined by the VSM. With v g defining the grid voltage vector in an external reference frame, the d-and q-axes components in the SRRF are defined by using (10) and (11):
D. VSM Outer Control Loops
The frequency control ('Governor')," indicated in Fig. 1 is modeled as an ideal power source able to provide instantly the power required. The power reference p r * for the ideal prime mover is generated by an outer frequency droop regulator according to
where p * is the external power reference, ω * VSM is the VSM speed reference, and k ω is the frequency droop gain.
A voltage controller regulates the amplitude of the internally induced voltagev e of the VSM electric model, to control the voltage amplitudev o at the VSC filter capacitor. The control structure is shown in Fig. 3 , which represents the block labeled automatic voltage controller ('AVR') shown in Fig. 1 . A standard PI controller with gains k pv and k iv acts on the voltage amplitude error calculated as difference between the amplitude set pointv * and the measured output voltage amplitudev o . The controller offers the possibility to activate a droop function in the voltage reference, based on the gain k q and the difference between the low-pass filtered reactive power measurement q m and the reactive power set-point q * . In this case, q * defines the level of reactive power at which the droop effect on the voltage set-point changes from a positive value to a negative value. The equation for the output of the voltage controller is given bŷ
where the state equations for q m and ξ representing the lowpass filtered reactive power and the integrator state of the PI controller, respectively, are given as
E. State-Space Representation and Small-Signal Model
The models introduced in the previous sections are combined together into a nonlinear state-space model for both VSM implementations. The state vector x of these models contain 17 state variables, as given by (18) for the DEM-based VSM implementation and by (19) for the QSEM-based VSM. The vector u contains seven input variables and is identical for the two models, as given by (20) .
The detailed state-space equations of the two models are listed in the Appendix.
The steady-state operating conditions of the system can be calculated from the input signals by solving the set of state equations in the Appendix with the time derivatives set to zero. Thus, the model can be linearized around the resulting operating point x 0 to obtain a small-signal state-space model of the system in the general form of [24] 
IV. COMPARATIVE ANALYSIS FOR A REFERENCE CASE
As a first step, a comparative analysis between the two VSM implementations is conducted for a case with typical SM parameters and settings of the controllers based on tuning rules or performance criteria commonly applied to power converters [30] , [31] . This reference case aims to provide an overview of the qualitative behavior of the two schemes and to identify the most critical parameters in a realistic operating scenario.
The test case is based on a low-voltage application with a converter rated 2.75 MVA at 690 V. A 0.25 per unit (p.u.) inductance, as a typical transient value for solid rotor generators [32] , and a winding resistance equal to 0.01 p.u. are assumed for the virtual stator impedance. A list of the ratings and parameter values is reported in Table I . The operating conditions defining the linearization point are corresponding to the set of references given in Table I .
A. Dynamic Response and Small-Signal Model Validation
The results from simulation models in MATLAB/Simulink ("Non-linear") are compared to the time-domain response of the linearized small-signal models ("Linearized") for DEM and QSEM models in Fig. 4(a) and (b) , respectively, when applying the parameters given in Table I . From these two figures, it is clearly seen that the small-signal models are accurately representing the dynamics of the nonlinear system models for small perturbations around the linearization point. Furthermore, the curves in Fig. 4 show that the VSM implementation based on the DEM model results in poorly damped oscillations in the currents, which can also be shown to reflect in other system variables. The frequency of the observed oscillations is about 50 Hz in the SRRF, and these oscillations are indeed associated with a dc-current component in the stationary reference frame. Thus, the poorly damped response is reflecting the "synchronous frequency resonance" of the DEM-based VSM implementation, equivalent to the discussion in [33] . Indeed, this effect corresponds to the dc components of the stator currents in an SM exposed to grid voltage perturbations. However, in a physical machine the dc component will be more effectively damped by the subtransient impedance of the machine, while the current controllers of the studied VSM implementations will make the VSC to follow any dc component in the current reference resulting from the electrical model of the stator windings, without any additional damping. Thus, the DEM model will depend on much higher virtual stator resistance than the typical values for large SMs, or on other damping strategies as discussed in [33] , to obtain an acceptable dynamic response.
As shown in Fig. 4(b) , the QSEM-based VSM implementation do not suffer from the same poorly damped oscillations as the DEM-based implementation. Instead, this implementation shows only a small and fast transient followed by a slow settling to a new stationary operating condition according to the inertial dynamics. Thus, the QSEM-based VSM implementation is clearly favorable for operation with low values of the virtual stator resistance of the SM model.
B. Eigenvalue Analysis
To further analyze and compare the two VSM implementations, the eigenvalues of the corresponding small-signal models have been calculated for the operating conditions used in the previous section. A systematic parametric sensitivity analysis of the eigenvalues will be presented in a separate section, but some results are anticipated in this section to refine the reference case settings and improve the performances to a reasonable level for further comparison. More specifically, the stator resistance r s of the DEM-based implementation is increased to 0.1 p.u. Similarly, the crossover frequency of the low-pass filtering of v o used in the QSEM-based implementation have been changed from 1200 to 200 rad/s. The results for both models with the initial parameters from Table I and the refined parameter settings are given in Table II , with a zoomed plot of some of the eigenvalues shown in Fig. 5 .
From Table II , it can be clearly seen that the eigenvalues of the two VSM implementations are quite different when the same SM electrical parameters are used. It is also noticed from Fig. 5 and Table II that the DEM model with the initial low value of the stator resistance result in a pair of poorly damped complex conjugate poles, λ 7, 8 with imaginary part of ±312, corresponding to oscillations of about 50 Hz, as shown in Fig. 4 . However, by increasing the virtual stator resistance, the damping of these eigenvalues can be significantly improved. Similarly, it can also be seen from Table II that oscillation frequency and poor damping for the initial settings of the QSEM-based implementation can be avoided by changing the system parameters.
V. EXPERIMENTAL VALIDATION
To verify the validity of the developed models, and to demonstrate that they are applicable for further numerical analysis of the small-signal dynamics of the two VSM implementations, their operation have been verified by laboratory experiments.
A. Laboratory Setup
An overview of the experimental setup is shown in Fig. 6 , while the main parameters are listed in Table III . A three-phase, two-level IGBT-based VSC was used for the experiments. An LC filter (L f and C f ) is connected between the ac terminals of the converter and an adjustable transformer (T2) fed from a 230 V ac grid through an isolating transformer (T1). The dc side of the converter is supplied from a diode rectifier (D1) fed from a separate 400 V grid and an adjustable transformer (T3). The control, monitoring, and high-level protection of the converter are implemented in an OPAL-RT platform, which is executing in real time the Simulink-based control system implementation used to generate the time-domain simulation results in Section IV-A. For the presented experiments, the adjustable transformer T1 is adjusted to give 190 V RMS on the filter capacitors when the converter is not in operation. The adjustable transformer T3 is adjusted to provide 300 V rectified voltage to the dc capacitor of the converter.
B. Experimental Results With the Two VSM Implementations
For obtaining the presented results, the voltage and frequency references are set to 1.0 p.u. The set point values for active and reactive power are both initially zero and the converter is allowed to reach steady state before imposing a step from 0 to 0.5 p.u. in the active power reference. The response in power flow and filter inductor currents is shown in Fig. 7 for both the DEM-and QSEM-based VSM implementations.
The laboratory measurements in Fig. 7 are shown together with results from equivalent numerical simulations, labeled "(mea)" and "(sim)," respectively. The results from the experimental setup verifies that the simulation model is able to replicate the behavior of a practical VSM implementation. However, some small deviations between the experimental results and the simulations can be seen in Fig. 7 . These deviations are mainly associated with limited accuracy in the parameter for the LC filter and the grid impedance, especially the resistances.
Small differences can be also observed between I cv,q for the DEM and QSEM implementations in Fig. 7 , which are found to be caused by a slight difference in the ac grid voltage (∼2.5V) when conducting different experiments. This difference is taken into account in the simulations by adjusting the voltage for the QSEM simulation accordingly.
It can also be noted that the no significant problems with oscillations for the DEM-based implementation were experienced in the laboratory setup, and a reasonably damped response was achieved even with very low values of r s . The main reason for this difference compared to the simulation results mentioned in Section IV-A is the higher equivalent grid resistance in the laboratory environment than what is reasonable to assume for a high power application (∼0.08 p.u. in the experiment compared to 0.005 p.u. in the simulation study). Thus, the grid resistance in the experimental setup provides sufficient damping to prevent instability, even if r s is reduced to zero. This was also verified by simulations with the parameters from the laboratory setup, which demonstrated that stability could be ensured for all values of r s down to zero.
A high value of the filter crossover frequency, ω v f , for the QSEM implementation will be shown in section IV to cause instability. The effect of increasing ω v f was, therefore, also tested in the laboratory. The system stability was found to be very sensitive to high values of this parameter. The laboratory system is stable for ω v f equal to 1090 rad/s, whereas it becomes very oscillatory for ω v f exceeding 1190 rad/s. For simulations with the set of parameters used in Section IV, the system was still stable but close to the stability limit with this value of ω v f . Thus, the behavior matched very well with the numerical simulation concerning the threshold for the transition from stable to unstable conditions. In both cases, a robust performance of the QSEM implementation can be ensured as long as ω v f is kept below about 1000 rad/s.
VI. PARAMETER SENSITIVITY ANALYSIS
This section presents a systematic parametric sensitivity analysis for the two investigated VSM implementations with parameters from Table I . This analysis is presented in order to identify the parameters with the strongest influence on the critical eigenvalues and to reveal how modifying these parameters will influence the system dynamics.
The eigenvalue parametric sensitivities are defined as the partial derivative of the system eigenvalues with respect to a set of predefined system parameters [24] . The real part and the imaginary part of the sensitivities are associated to the derivatives of the pole location along the real and the imaginary axis, respectively. The normalized sensitivity α n,k of the parameter ρ k with respect to the eigenvalue λ n can be expressed as
where Ψ n T and Φ n are the left and right eigenvectors associated to the eigenvalue λ n .
In this paper, the parametric sensitivities have also been normalized with a scaling based on the parameter value at the linearization point. This scaling is introduced to improve the readability and the intuitive impression of relative parameter sensitivity for graphical representation.
A. Parametric Sensitivity for the DEM Implementation
The real part of the eigenvalue parametric sensitivities for the DEM-based VSM implementation is shown in Fig. 8 . The colors indicate the percent change of the eigenvalues' real parts, with blue associated to modes becoming slower for an increase of the parameter. The color scale is limited to the range −1 to 1 and saturated for higher values. The modes 7 and 8 are close to 50 Hz oscillations with a rather low relative damping of 0.011. The parametric sensitivities suggest that better damping can be obtained by increasing r s or r g and alternatively by decreasing ω qf , k q , l s , k iv , k pv , or l g . Indeed, an increase in the virtual stator resistance moves the pole to the left and increases the relative damping with little effect on other modes, as shown in the parametric sweep in Fig. 9 , where r s varies in the range from 0.001 (blue) to 0.2 p.u. (red). Vice versa, a reduction in the stator resistance can shift the poles toward the right side of the complex plane and generate instability for values lower than 0.0047 p.u. The effect is also illustrated in the time domain in Fig. 10 . Thus, the DEM implementation requires a value for the stator resistance that is in general higher than for a real SM. Although, this might still be acceptable for a VSM, since it only implies virtual losses that do not influence the efficiency, it does have implications for the power flow control. A value r s equal to 0.1 p.u. is used for the remainder of this paper.
B. Parametric Sensitivity for the QSEM Implementation
The eigenvalue parametric sensitivities for the QSEM implementation are shown in Fig. 11 and indicate a strong sensitivity to the bandwidth ω v f (w v f in the figure) of the voltage filtering for the critical eigenvalues 3 and 4. Thus, the eigenvalue trajectory is shown in Fig. 12 for a sweep of ω v f within the range from 50 (red) to 2000 rad/s (blue). This plot clearly shows that the QSEM-based VSM implementation can cause instability related to the LC filter oscillations without appropriate filtering of the capacitor voltage measurements used for calculating the VSC current references. However, when appropriate filter settings (i.e., ω v f = 200 rad/s, as assumed in the rest of the paper) are selected, the stability problems can be avoided with good margin.
VII. PERFORMANCE DEPENDENCE ON GRID CONDITIONS
The comparative analysis between the two implementations is continued in this section by assessing the impact of the grid characteristics on stability and dynamic performances. For simplicity, the stiffness of the grid is modified by acting only on the grid inductance. The eigenvalue trajectory obtained by sweeping the grid inductance value from 0.4 (blue) to 0.005 p.u. (red) are shown in Fig. 13(a) and (b) for the DEM and QSEM implementations, respectively.
The parametric sweeps indicate that both implementations have eigenvalues with higher oscillation frequency and poorer damping at low grid inductance. This is mainly due to the LC resonances associated with the filter capacitor and the grid inductance. It can be noticed that the QSEM implementation is having one set of complex conjugate eigenvalues with noticeably lower real part than for the DEM implementation. This is because the QSEM implementation does not have a dynamic representation of the virtual stator currents like the DEM-based VSM, and instead depends on the measured filter capacitor voltages for calculating the VSC current references. However, as long as sufficient filtering is included in the voltage measurements, a wide stability margin can always be ensured. Furthermore, the poorly damped modes of the QSEM-based VSM are usually not much excited. Thus, satisfactory dynamic characteristics can be obtained for both implementations with a wide range of grid impedances.
Although stability can be ensured for both the DEM and the QSEM implementations, the DEM-based VSMs will rely on the high value of virtual stator resistance. The resulting coupling between active and reactive power flow might be considered disadvantageous, especially in case of strong grid conditions, as shown in Fig. 14. This figure shows how the DEM and QSEM VSMs with the refined parameters from Section IV respond to a step in the grid voltage amplitude. Indeed, the upper plot in the figure shows how the DEM implementation implies a significant response in the active power, while the overshoot in the power response for the QSEM is much less noticeable, and the overall response is more damped. Thus, again the QSEM model can be considered to have an advantage since desired dynamic characteristics can be ensured without depending on a high virtual stator resistance.
VIII. CONCLUSION
The eigenvalue analysis and the parameter sensitivity analysis presented in this paper have revealed the main small-signal characteristics of the DEM-and QSEM-based VSM implementations. Indeed, the presented analysis has identified the parameters that are critical for system stability, and has shown how both implementations can be tuned to ensure satisfactory smallsignal dynamics. However, the DEM-based implementation has the disadvantage that it depends on a high value of the virtual stator resistance to avoid poorly damped synchronous frequency resonance in the SSRF, which is equivalent to poorly damped dc components in the stationary reference frame. Thus, a DEMbased VSM with well-damped response implies a system with significant coupling between active and reactive power control, while this coupling can easily be avoided with the QSEM-based implementation. Even if the DEM-based VSM implementation is more common and studied by a large number of previous publications, the results from the presented analysis demonstrates that the less common QSEM can be a preferable option for VSM implementations with current controlled VSCs.
